Oxidized LDL is present in human atherosclerotic lesions, but the mechanisms responsible for oxidation in In the last decade strong evidence has accumulated supporting the concept that oxidative processes, acting on the lipids and proteins of LDL in the vessel wall, participate in the progression of atherosclerotic disease ( 1-4). Evidence from in situ studies has demonstrated that oxidized LDL, macrophages, and 15-lipoxygenase colocalize within human atherosclerotic lesions (5). We therefore chose to determine whether 15-lipoxygenase was acting upon the available lipid substrate within the lesions to cause its oxidation in vivo.
Introduction
Oxidized LDL is present in human atherosclerotic lesions, but the mechanisms responsible for oxidation in vivo have not been definitively demonstrated. Circumstantial evidence has implicated the enzyme 15-lipoxygenase as a contributor to the formation of oxidized lipids in this disease. To assess whether oxidized lipids are indeed formed by the action of 15-lipoxygenase on polyunsaturated fatty acids (PUFAs) in vivo, we have used a sensitive and specific method (chiral phase HPLC) to analyze the lipid oxidation products present in human atherosclerotic lesions. Human 15-lipoxygenase is an o-6 lipoxygenase that has previously been shown to oxidize esterified PUFA in a stereospecific manner, forming predominantly cholesteryl hydroperoxy-octadecadienoate (13(S)-HPODE) from cholesteryl linoleate substrate in LDL. This property allows its activity to be distinguished from nonenzymatic oxidation, which results in the formation of equal quantities of the S and R stereoisomers of the same oxidation product. A total of 80 specimens of human atherosclerotic plaque were analyzed. Esterified, oxidized linoleate was purified from human atherosclerotic lesions and from LDL oxidized by copper, and the chirality of these oxidation products was compared. There was significantly greater stereospecificity of oxidation in the oxidized linoleate from human atherosclerotic lesions. Even greater stereospecificity was detected in the HPODE derived from cholesteryl ester, purified from human lesions. Cholesteryl HPODE is the primary oxidation product from cholesteryl linoleate, the major esterified PUFA that accumulates in atherosclerotic vessels. Cholesteryl HPODE and its reduced form, cholesteryl hydroxy-octadecadienoate, were detected in all lesions analyzed. Neither the stereospecificity of oxidation nor the percentage of available substrate oxidized to primary oxidation products was correlated with the stage of disease of the lesions examined. We conclude that 15-lipoxygenase contributes to In the last decade strong evidence has accumulated supporting the concept that oxidative processes, acting on the lipids and proteins of LDL in the vessel wall, participate in the progression of atherosclerotic disease (1) (2) (3) (4) . Evidence from in situ studies has demonstrated that oxidized LDL, macrophages, and 15-lipoxygenase colocalize within human atherosclerotic lesions (5) . We therefore chose to determine whether 15-lipoxygenase was acting upon the available lipid substrate within the lesions to cause its oxidation in vivo.
Early studies by Hamberg and Samuelsson (6) demonstrated that the oxidation of polyunsaturated fatty acids PUFAs'
by soybean 15-lipoxygenase was stereospecific. Kuhn et al. (7) later developed a convenient chiral phase HPLC method and used it to analyze the PUFA oxidation products from a variety of lipoxygenase enzymes, confirming that stereospecificity was a fingerprint of lipoxygenase activity. These investigators found that mammalian lipoxygenase enzymes also specifically produce the S enantiomer at the target positions of oxidation on their PUFA substrates (7). In contrast, nonenzymatic PUFA oxidation results in products positionally the same as those catalyzed by lipoxygenases but with equal quantities of both stereoisomers (R and S) at all positions of oxidation. We have recently shown that esterified, oxidized linoleate is the major oxidized PUFA in monocyte-oxidized LDL (8) . Esterified, oxidized PUFA products, predominantly from linoleate, have previously been reported to be present in lesions of atherosclerosis (9) (10) (11) (12) (13) (14) . Kuhn et al. (14) have analyzed the oxidized PUFA products in atherosclerotic lesions using chiral phase HPLC and have recently reported detection of stereospecific oxidation in a rabbit model of the disease. Herein we report the results of our analysis of the chirality of the oxidation products in human lesions, to determine whether PUFA oxidation is catalyzed by a lipoxygenase. The quantity of cholesteryl linoleate and its oxidation products in aortae have been shown to increase with progression of vascular disease (9, 10, 13, 15) . Cholesteryl linoleate in an atherosclerotic lesion is believed to be derived from LDL that has been taken up into the lesion, since nonsteroidogenic cell membranes do not normally contain the quantities of cholesterol esters that LDL contains. The lipid content of human aortic atherosclerotic lesions is similar to that of LDL (16) . Cholesteryl linoleate is the most abundant substrate for fatty acid oxidation within LDL (17). Our specific analysis of oxidized cholesteryl linoleate products thus allows examination of oxidation products putatively derived from LDL lipids within the lesions. In addition to performing a chiral analysis of oxidized cholesteryl linoleate in surgical specimens, the oxidation state of the oxidized cholesteryl linoleate was determined by quantitating both cholesteryl hydroperoxy-octadecadienoate (HPODE) and cholesteryl hydroxy-octadecadienoate (HODE). Cholesteryl HPODE, the primary oxidation product of cholesteryl linoleate, has not previously been specifically detected in atherosclerotic lesions.
Multiple oxidation mechanisms including oxygen or lipid radicals, peroxidative propagation, or other chemically or enzymatically catalyzed processes, likely contribute to the oxidation of LDL lipids that occurs within lesions of atherosclerosis. In addition, pure stereoisomers may isomerize to yield racemic mixtures. Detection of oxidation products with absolute stereospecificity was therefore not an expected finding. Our goal was to determine whether lipoxygenases contribute to the oxidation. To perform this evaluation, we compared the oxidized fatty acid products in human atherosclerotic lesions with those produced in vitro by copper-mediated LDL oxidation, a standard method for generating chemically oxidized LDL. The ratios of the quantities of the S and R stereoisomers of (ZE)-13-HODE detected in surgical samples were compared with those of copper-oxidized LDL. DE) were added where indicated. The samples were allowed to extract overnight at -20°C. The solvent was collected, and dried under N2, and some of the samples were saponified by reconstitution in 1 N NaOH in ethanol for 20 min at 60°C. The fatty acids were purified using C18 Sep-pak columns (Millipore Corporation, Milford, MA) as previously described (8, 19) . Samples for intact oxidized lipid analysis, to determine the oxidation state, were not saponified or processed further after drying of the extraction solvent under N2. All samples were stored at -20°C under N2 until analysis.
Methods
Preparation of copper-oxidized LDL. LDL was isolated as previously described (8, 20, 21 ) . After dialysis overnight to remove EDTA added during preparation, the LDL was oxidized by incubation with 10 IM CuS04 in RPMI-1640 medium for 24 h at 37°C, as previously described (8) . At the end of the incubation, BHT (500 IM) was added to imitate the conditions of extraction for the surgical samples. The lipids were extracted (22) and saponified as previously described. The fatty acids were then purified as previously described (8, 19) .
Oxidized fatty acid preparation for chiral phase HPLC analysis. The samples containing oxidized fatty acids from atherosclerotic plaques or CuSO4-oxidized LDL were analyzed by reversed phase HPLC as previously described (8, 23) . The HODE positional isomers including the '4C-labeled HODEs derived from the internal standard were collected as they eluted from the column, BHT (and NaBH4 if necessary) was added, and the samples were immediately placed under a stream of N2 to evaporate the volatile solvents. The oxidized fatty acids were extracted from the remaining aqueous phase with an equal quantity of heptane. The heptane phase was collected and dried under N2, and the oxidized fatty acids were methylated with excess ethereal diazomethane (24) .
Oxidized cholesteryl linoleate sample preparation. Some surgical specimens were extracted and the intact neutral lipids were analyzed by reversed phase HPLC as previously described (8) . Ultraviolet (UV) absorbance at 206 nm (the absorbance of carbon-carbon double bonds) was used to detect the metabolites. Where indicated, the peaks containing cholesteryl HPODE and cholesteryl HODE were collected upon elution from the column. BHT was added, and the samples were dried under N2. The cholesteryl HPODE was reduced with NaBH4, and the cholesteryl esters were saponified. The fatty acids were extracted from the samples with heptane or purified using Sep-pak C18 columns as previously described.
Chiral phase HPLC analysis. Chiral phase HPLC was performed as described by Kuhn et al. (7) using an analytical chiral phase HPLC column with (R)-N-(3,5-dinitrobenzoyl)-a-phenylglycine ionically linked over aminopropyl residues on silica gel as the chiral stationary phase (J. T. Baker Research Products, Phillipsburg, NJ). The mobile phase was n-hexane (Burdick & Jackson, Muskegon, MI) with 0.5% isopropanol delivered isocratically at a flow rate of 0.7-0.8 mllmin. The metabolites were monitored by UV absorbance at 236 nm, a wavelength of light absorbed by conjugated dienes. The radioactive internal standard was detected with an on-line Flow-one Beta Radioactive Flow Detector, and Packard Radiomatic Flo-Scint I was used as scintillant (both from Radiomatic Instruments and Chemical Co., Meriden, CT). Our ability to detect stereospecific oxidation products in samples processed and analyzed by the methods described here was verified by processing and analyzing the oxidation products formed by the action of soybean lipoxygenase V on purified cholesteryl linoleate (both obtained from Sigma Chemical Co., St. Louis, MO; data not shown).
Data analysis. Data were collected on an IBM XT personal computer and processed using Lotus 1-2-3 (Lotus Development Corp., Cambridge, MA). Areas were determined for peaks of interest using InPlot software (GraphPAD Software, San Diego, CA), and ratios were calculated from the areas. Ratios of SIR stereoisomers were compared, since this normalized the data from sample to sample. The quantity of lipid that was analyzed varied and was dependent upon the quantity of tissue extracted and the quantity of lipid in the diseased tissue. The size of individual specimens used for analysis was -1-2 cm2 and 50-300 mg wet weight. The quantities of copper-oxidized LDL lipid that were extracted and analyzed for comparison were in the same range as the quantities of lipid present in the surgical specimens.
The Mann-Whitney two sample test was used to test all hypotheses mentioned in the text. Statistics were performed using nonparametric tests because the data did not meet criteria for parametric testing.
Results
The oxidized, esterified fatty acids from human atherosclerotic plaques and from CuSO4-oxidized LDL (for comparison) were analyzed to determine the relative quantities of the S and R stereoisomers of (ZE)-13-HODE. Shown in Fig. 1 are some representative chiral phase HPLC profiles from specimens of human atherosclerotic plaque obtained at surgery. A total of 56 samples were processed by extraction of the total lipids followed by saponification; thus, oxidized fatty acids from all lipid groups were included in the analyses. These samples included 25 specimens from carotid endarterectomy, 15 aortic specimens, 5 femoral specimens, and 11 specimens from other leg arteries. The lesion severity of the samples included 9 fatty streaks, 24 calcified lesions, 16 lesions intermediate in severity between these extremes, and 7 lesions of unknown classification. Whereas some of the specimens of atherosclerotic lesions had chiral phase HPLC profiles that showed little preference for the formation of the S stereoisomer of (ZE)-13-HODE (Fig. 1 D) other specimens processed and analyzed in exactly the same manner showed a definite difference in the quantities of S and R (ZE)-13-HODE (S > R), indicating stereospecific oxidation (Fig. 1, A-C) . Shown in Fig. 1 A (solid line) is the chiral profile of the oxidized fatty acids from a sample of fatty streak obtained at carotid endarterectomy of an 85-yr-old male. The ratio of SIR stereoisomers of (ZE)-13-HODE was 3.49. Fig. 1 B shows the chiral profile of a sample from the aorta of a 71-yr-old male patient; the ratio of SIR stereoisomers detected was 1.54. Fig. 1 C shows the analysis of another sample of atherosclerotic plaque from a carotid endarterectomy performed on a 73-yr-old male; this sample was characterized by some calcification. The ratio of SIR stereoisomers of (ZE)-13-HODE was 1.14. The sample shown in Fig. 1 In addition to verifying peak identity, the internal standard also verified that any stereospecific oxidation was not due to a step in the sample processing procedure. This radioactive internal standard was added in quantities that could be detected only with the on-line beta counter and did not interfere with the UV absorption profile of the samples. Although resolution of the S and R stereoisomers was not complete by radioactivity detection, a comparison of the profile of the racemic mixture of cholesteryl ['4C]HPODEs in a sample without stereospecifically formed products (Fig. 1 D) with that detected in a sample with stereospecifically formed products (Fig. 1 A) verified that any skewing of the quantities of stereoisomers was not artifactual. The fact that some but not all of the lesion samples had some apparent stereospecificity was additional evidence that the sample processing protocol was not causing the formation of stereospecific oxidation products. The mean SIR ratios determined for (ZE)-13-HODE obtained from atherosclerotic plaque were all significantly different from 1.00 (Table I) . Because the ratios of SIR stereoisomers of (ZE)-13-HODE varied among surgical samples, it was also necessary to determine how much the ratios varied in nonenzymatic oxidation. To accomplish this, samples of CuS04-oxidized LDL were extracted, processed, and analyzed just as the lesion lipids had been (Fig. 2) . The areas under the S and R peaks of (ZE)-13-HODE found with CuSO4-mediated LDL oxidation were quantitated and analyzed, and the ratio of SIR stereoisomers was found to be significantly less than the ratio of 13-(S)-to 13-(R)-HODE detected from specimens of atherosclerotic lesion (Table I) .
LDL is the major source of the lipid that accumulates in atherosclerotic lesions (1) (2) (3) (4) 16) , and cholesteryl linoleate is the most abundant substrate for oxidation within LDL (17). Cholesteryl linoleate content of atherosclerotic aortae has specifically been found to increase with severity of disease (15), and linoleate is the major PUFA esterified to cholesterol in atherosclerotic lesions (25) . For these reasons, we separately analyzed the fatty acid oxidation products obtained from cholesteryl linoleate. The intact lipids from surgical samples were analyzed using a reversed phase HPLC method that resolves neutral lipids (reference 8; Fig. 3 ). In the top panel of Fig. 3 In B, the racemic pairs of stereoisomers of the positional isomers of methylated HODEs are labeled. In A, peak I is (ZE)-13-HODE; peak 2, (EZ)-9-HODE; peak 3, (EE)-13-and 9-HODE; peak 4, (ZE)-13-HPODE; peak 5, (EZ)-9-HPODE; peak 6, (EE)-13-HPODE; and peak 7, (EE)-9-HPODE. processed by reduction and saponification for chiral phase HPLC analysis. Included in the analyses of cholesteryl HPODE were 11 carotid endarterectomy specimens, 5 aortic specimens, and 2 femoral specimens. Among these specimens, 11 A representative sample is shown in Fig. 3 . The ratio of SIR stereoisomers for the (ZE)-13-HODE derived from cholesteryl HPODE was 1.21 ( Fig. 3, peak 2) , and the SIR ratio for the (ZE)-13-HODE derived from cholesteryl HODE was 1.16 ( Fig.  3, peak 3) . The (ZE)-13-HODE SIR ratios were determined for all of the samples processed in this manner. The mean ratio was higher in the cholesteryl HPODE than the cholesteryl HODE extracted from atherosclerotic lesions ( Table I) . The (ZE)-13-HODE SIR ratios from the cholesteryl HPODE products purified from atherosclerotic lesions were also noticeably higher than the (ZE)-13-HODE SIR ratios from surgical samples for which the total oxidized fatty acids were analyzed (Table I) . When the SIR ratio of the (ZE)-13-HODE from cholesteryl HPODE, extracted from atherosclerotic lesions, was compared with the same purified oxidation product from CuSO4-oxidized LDL extracted and analyzed in the same manner, the differences were significant (Table I ). There was no significant difference in the SIR ratio of (ZE)-13-HODE derived from cholesteryl HPODE and cholesteryl HODE purified from CuSO4-oxidized LDL (Table I ). In addition, we separately compared the SIR ratios from the cholesteryl HPODE-derived (ZE)-13-HODE from male and female patients with the same oxidation product derived from CuSO4-oxidized LDL. The stereospecificity of this oxidation product was significantly greater than that from CuSO4-oxidized LDL in both genders (Table  I) . There was no significant difference in stereospecificity of oxidation between males and females ( Table I) .
Lesions of vascular disease have been described as progressing through stages, first visible grossly as the fatty streak and increasing in size with increasing cholesterol deposition. Lesions progressively become calcified, and in the most severe cases ulcerations appear. (26) For comparison of stereospecificity of oxidation in different stages of lesion formation, three samples were dissected from each patient's tissue, including a sample of fatty streak, a section of more advanced, calcified lesion, and a sample of lesion intermediate in severity between these two extremes. These samples came from five patients undergoing carotid endarterectomy and two patients undergoing leg amputation. The total oxidized, esterified fatty acids were extracted, saponified, purified, and analyzed by chiral phase HPLC. Among samples analyzed in this manner, there were no general trends in stereospecificity of oxidation detected with differing stages of lesion formation (data not shown).
Discussion
While considerable evidence exists for the presence of oxidized lipids and oxidized LDL in atherosclerotic lesions (1) (2) (3) (4) (5) , no mechanism for lipid oxidation has been definitively demonstrated to occur in human lesions. A role for the enzyme 15-lipoxygenase has generated considerable interest, since it is present in lesions in the same location as macrophages and oxidized LDL epitopes (5). Our laboratory has previously shown that purified 15-lipoxygenase from soybeans can oxidize LDL and render it toxic to proliferating fibroblasts (27) . Purified 15-lipoxygenase has also been shown to be capable of oxidizing the esterified fatty acids in LDL with partial stereospecificity (28, 29) . It is the stereospecific nature of 15-lipoxygenase oxygenation that allows specific detection of 15-lipoxygenase activity in samples containing oxidized fatty acids (6, 7) . The stereospecificity of only the 13 positional isomer ((ZE)-13-HODE in reduced samples) was examined because this product has been shown to be the positional isomer that is stereospecifically formed (13-(S)-HPODE) by 15-lipoxygenase (12, 28). 9-HPODE and the EE-isomers of both 13-and 9-HPODE are minor products or the products of isomerization of 13-HPODE and lack stereospecificity (7, 12, 28) .
We have examined the oxidized fatty acids in human atherosclerotic lesions for evidence of lipoxygenase activity in vivo. Kuhn et al. ( 14) have recently found evidence of 15-lipoxygenase activity in vivo in atherosclerotic lesions induced in rabbits by cholesterol feeding. They reported that detection of 15-lipoxygenase activity correlated with cholesterol deposition in rabbit arteries. In our extensive analysis of human atherosclerotic lesions, we have obtained results that corroborate the animal model studies of Kuhn et al. ( 14) . We have detected stereospecifically formed, oxidized, esterified linoleate in samples of human atherosclerotic plaque. In contrast, Kuhn et al. (14) reported negative results regarding detection of stereospecific oxidation in advanced human atherosclerotic plaques. Differences in sample processing protocols or patient disease status at the time of surgery may account for the differing results. The size of tissue samples analyzed differed: our samples were -50-300 mg wet weight and contained up to 20 times less tissue than those of Kuhn et al. (14) . More tissue might result in a dilution of the plaque, LDL-derived, oxidized lipids by oxidized lipids from the surrounding tissue. Furthermore, our detection of greater stereospecificity in cholesteryl linoleate oxidation products than in the total, esterified, oxidized linoleate would suggest that dilution of the stereospecifically formed oxidation products by nonstereospecifically formed oxidation products was occurring in total lipid extracts. The limited sample size may also have been responsible for observed differences, since in the previously reported analysis only 10 human surgical specimens were examined (14) .
Our finding of a few samples with particularly pronounced differences in the SIR ratio of (ZE)-13-HODE can be explained in several ways. Factors such as the phase of lesion development, the type of disease induction, or individual variation may affect the mechanisms that cause oxidation of lipids to occur in lesions. One possibility is that these lesions were undergoing a period of enzymatic oxidation similar to that which occurs during cholesterol deposition in the rabbit model of atherosclerosis described by Kuhn et al. ( 14) . Another possible explanation is that enzyme-mediated oxidation contributes to a greater extent in some individuals than in others. This could be due to environmental factors such as dietary differences or smoking, or genetic differences among individuals. Our detection of a predominance of the S stereoisomer in some, but not all, of the lesions also indicates that some instability intrinsic to the R stereoisomer is not causing the skewing. If the R stereoisomer were less stable than the S stereoisomer, (ZE) 13-S-HODE would predominate in all lesions analyzed. We have separately analyzed the primary oxidation products derived from cholesteryl linoleate in human atherosclerotic lesions. These metabolites were of particular interest because they are the primary oxidation products formed from substrate likely derived from LDL lipid. While cholesteryl HPODEs have not previously been specifically detected and quantitated, their presence in atherosclerotic lesions has been suggested (11) . The cholesteryl linoleate content of aortae has been reported to increase with progression of atherosclerotic disease (15) , potentially providing more substrate for oxidation. It is interesting that we have detected greater stereospecificity of oxidation among the primary oxidation products from a substrate that becomes deposited in the vessel wall as the disease progresses. Peroxidized lipids have also been reported to increase in quantity with increasing pathological change (9, 10, 13, 30 We have also estimated the extent of oxidation of cholesteryl linoleate in the specimens and found that 1-13% of the cholesteryl linoleate was detected as the primary oxidation products (cholesteryl HPODE or cholesteryl HODE). Our determination is an underestimate of total oxidation because we analyzed only the primary oxidation products. Kuhn (9, 10, 13, 30) , our analysis of primary oxidation products did not reveal such a correlation. Thus, although the total content of oxidation products may increase with disease progression, the rate of primary product formation and breakdown may vary throughout progression of the disease.
Herein we report the first specific detection of cholesteryl HPODE in atherosclerotic lesions. We have also detected the reduction product, cholesteryl HODE. The presence of the reduced form in lesions suggests a reduction mechanism. One possible enzymatic reduction mechanism is the phospholipid hydroperoxide glutathione peroxidase that reportedly acts on cholesteryl ester hydroperoxide substrate (31) . Peroxidase activity has been detected in atherosclerotic lesions of pigeons (32) . Myeloperoxidase, an enzyme with peroxidase activity that also has the capacity to generate hypochlorous acid, an oxidizing agent, has been detected in human atherosclerotic lesions (33) . Another possible mechanism may be the peroxidase activity that has been reported for lipoxygenase (34) . We have analyzed the SIR ratio of (ZE)-13-HODE derived from both cholesteryl HPODE and cholesteryl HODE in order to determine whether there was a difference in the ratios from these two oxidation states. Our finding of a higher SIR ratio in the (ZE)-13-HODE derived from cholesteryl HPODE as compared with that derived from cholesteryl HODE rules out the possibility that a peroxidase-type activity or any other reduction mechanism is responsible for the formation of stereospecific products.
The process by which 15-lipoxygenase contributes to the formation of oxidized lipids in atherosclerotic lesions is unclear. 15-Lipoxygenase is believed to be an intracellular enzyme. Our laboratory has previously shown that oxidation of LDL by human monocytes appears to involve a lipoxygenase, and a role for the enzyme in regulating monocyte activation and related LDL oxidation was previously proposed (35, 36 We have determined that stereospecific oxidation, consistent with lipoxygenase activity, is detectable in human lesions of atherosclerotic. We have presented data supporting the concept that enzymatic lipid oxidation occurs during lesion development in human peripheral vascular disease. Our results do not allow us to distinguish between 15-and 12-lipoxygenase activity, because both have been reported to stereospecifically catalyze the oxidation of esterified linoleate (29) . However, nor do they rule out another protein with lipoxygenase activity. 15-Lipoxygenase has previously been shown to be present where macrophages and oxidized LDL are located in human atherosclerotic lesions (5) . The activity is more apparent when oxidation products specifically derived from LDL lipids are analyzed (Table  I) . Kuhn et al. (14) have detected similar enzymatic activity in a rabbit model of atherosclerosis and found it to coincide with cholesterol deposition in the arterial wall. Together these results support the current speculation that 15-lipoxygenasemediated oxidation represents an attempt by macrophages to rid the atherosclerotic vessel wall of excess lipid by metabolizing it and preparing it for further breakdown, just as reticulocytes use 15-lipoxygenase in catabolizing membranes of mitochondria.
Inhibition of this process may provide a means for impeding the progression of atherosclerotic disease.
